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1. Introduction {#grl55173-sec-0001}
===============

The Pacific Plate (PAP) made its first contact with the North America Plate (NAP) about 28 Ma ago, when the Farallon slab, which was separating them, fully subducted beneath the American continent. The San Andreas Fault (SAF) follows the previous suture zone of the downgoing Farallon slab beneath the western NAP \[*Furlong and Hugo*, [1989](#grl55173-bib-0019){ref-type="ref"}\] and accounts for a large fraction of the relative motion between the PAP and the NAP \[*Lisowski et al.*, [1991](#grl55173-bib-0025){ref-type="ref"}; *Tong et al.*, [2013](#grl55173-bib-0055){ref-type="ref"}\]. The crustal expression of this transform boundary in Southern California is complex and involves a large number of faults \[*Plesch et al.*, [2007](#grl55173-bib-0039){ref-type="ref"}\] with multiple strands \[*Mount and Suppe*, [1992](#grl55173-bib-0033){ref-type="ref"}; *Teyssier and Tikoff*, [1998](#grl55173-bib-0054){ref-type="ref"}\]. Most of the deformation along the SAF system is accommodated by long and mature strike‐slip faults, but some of the relative convergence is absorbed by thrusts or oblique strike‐slip faults \[*Walls et al.*, [1998](#grl55173-bib-0058){ref-type="ref"}\].

Despite the surface complexity of the SAF system, the far‐field interseismic horizontal velocity field is relatively uniform along the SAF from the Coachella to the Mojave segment of the SAF (Figure [1](#grl55173-fig-0001){ref-type="fig"}a). GPS velocity vectors in the ITRF08 reference frame are closely aligned with the Coachella segment of the SAF and the San Jacinto Fault (SJF). Farther north, near the Mojave segment of the SAF, GPS velocity vectors between the Mojave Block and Los Angeles (LA) have a similar orientation, despite the remarkable change of strike of the SAF of 18° (blue vector PP ${}^{\prime}$ of Figure [1](#grl55173-fig-0001){ref-type="fig"}b). The projection of this vector on the fault‐perpendicular and fault‐parallel directions indicates ∼7 mm/yr of far‐field contraction \[*Bock et al.*, [1997](#grl55173-bib-0005){ref-type="ref"}; *Argus et al.*, [2005](#grl55173-bib-0001){ref-type="ref"}\] (red vector of Figure [1](#grl55173-fig-0001){ref-type="fig"}b and Table [S1](#grl55173-supinf-0001){ref-type="supplementary-material"} in the [supporting information](#grl55173-supinf-0001){ref-type="supplementary-material"}) and ∼26 mm/yr of transform motion (black vector of Figure [1](#grl55173-fig-0001){ref-type="fig"}b and Table [S1](#grl55173-supinf-0001){ref-type="supplementary-material"}). This relatively uniform orientation of the surface velocity vectors in Southern California is in contradiction with the complex superficial geometry of the fault system and might be the result of slip partitioning in the middle and lower crust (Figure [1](#grl55173-fig-0001){ref-type="fig"}c) \[*Mount and Suppe*, [1987](#grl55173-bib-0032){ref-type="ref"}; *Crouch and Suppe*, [1993](#grl55173-bib-0009){ref-type="ref"}; *Bowman et al.*, [2003](#grl55173-bib-0006){ref-type="ref"}\]. At depth, the long‐term average cumulative horizontal velocity vectors must be accommodated by the interplay of strike‐slip and thrust faults.

![Seismotectonic setting of the Southern California fault system. (a) GPS data in the ITRF08 reference frame highlighting a uniform velocity field despite the complex three‐dimensional geometry of the faults systems. InSAR velocitiy map is derived from Envisat descending track 170 \[from *Liu et al.*, [2014](#grl55173-bib-0026){ref-type="ref"}\]. Black rectangle defines the profile perpendicular to the SAF. Major strikes‐slip faults including the San Andreas Fault (SAF), Whittier Fault (WF), San Jacinto Fault (SJF), and the Elsinore Fault (EF) are in black. Major thrust faults including the Sierra Madre Thrust fault (SMT), the Elysian Park Thrust (EPT), the Puente Hills Thrusts (PHT), San Gorgonio Pass (SGP), and the North Frontal Thrusts (NFT) are in red. (b) Simplified kinematic sketch illustrating how the obliquity of the SAF creates a local shortening (red vector) between the Mojave Block (MB) and Los Angeles (LA). (c) Simplified three‐dimensional model across the profile PP ${}^{\prime}$ illustrating how the geometry of the ramp‐décollement system partitions the uniform velocity field and controls the amount of shortening and uplift along the various blocks.](GRL-43-11192-g001){#grl55173-fig-0001}

Both the transform and convergent components of deformation are responsible for significant seismic hazard in Southern California \[*Dolan et al.*, [1995](#grl55173-bib-0013){ref-type="ref"}; *Walls et al.*, [1998](#grl55173-bib-0058){ref-type="ref"}\]. Strike‐slip faults can generate long seismic ruptures, such as during the 1812 *M* ~*w*~ 6.9 San Juan Capistrano and the 1857 *M* ~*w*~ 7.9 Fort Tejon earthquakes \[*Sieh*, [1978](#grl55173-bib-0050){ref-type="ref"}; *Toppozada et al.*, [2002](#grl55173-bib-0057){ref-type="ref"}\], and reverse faulting is at the origin of the 1971 *M* ~*L*~ 6.6 San Fernando, the 1987 *M* ~*L*~ 5.9 Whittier Narrows, the 1991 *M* ~*L*~ 5.8 Sierra Madre, and the 1994 *M* ~*w*~ 6.7 Northridge earthquakes \[*Rubin et al.*, [1998](#grl55173-bib-0041){ref-type="ref"}\]. Reconciling all these structures in a self‐consistent kinematic model may improve our assessment of seismic hazard in Southern California \[e.g., *Gaudemer et al.*, [1995](#grl55173-bib-0020){ref-type="ref"}; *Deng and Sykes*, [1997](#grl55173-bib-0012){ref-type="ref"}; *Loveless and Meade*, [2011](#grl55173-bib-0027){ref-type="ref"}\].

The purpose of this study is to better constrain the loading rate on the buried faults below Los Angeles (LA) using geodetic data and a conservative slip‐partitioning model. We consider a profile that crosses the Big Bend, the segment of the SAF that is ∼N63°W compared to ∼N45°W direction along the Coachella segment (Figure [1](#grl55173-fig-0001){ref-type="fig"}). We first identify the broad features of a ramp‐décollement system across the San Gabriel mountains (SGM) to explain the topography, seismicity, and tomography data in cross section. We then provide quantitative estimates of the loading rate and the range of geometries consistent with surface velocities observed by interferometric synthetic aperture radar (InSAR) and GPS using a Bayesian framework and assuming conservation of motion across the fault network.

2. Tectonic Constraints {#grl55173-sec-0002}
=======================

The Big Bend is bounded to the south in the LA Basin by several blind thrust faults and to the north in the Mojave desert by the beginning of the San Bernardino Mountains (SBM). Several observations are in agreement with a large‐scale décollement south of the transpressional bend, formed as the result of the obliquity between the relative plate motion and the local orientation of the strike‐slip faults (Figure [1](#grl55173-fig-0001){ref-type="fig"}b) \[*Mount and Suppe*, [1992](#grl55173-bib-0033){ref-type="ref"}; *Teyssier and Tikoff*, [1998](#grl55173-bib-0054){ref-type="ref"}\]. *Crouch and Suppe* \[[1993](#grl55173-bib-0009){ref-type="ref"}\] first suggested a low‐angle décollement below high‐angle faults in the LA region from geological investigations of the Western Transverse Ranges, which has undergone more than 90° of clockwise rotation during the late Cenozoic \[*Crouch and Suppe*, [1993](#grl55173-bib-0009){ref-type="ref"}; *Nicholson et al.*, [1994](#grl55173-bib-0035){ref-type="ref"}; *Atwater*, [1998](#grl55173-bib-0003){ref-type="ref"}; *McQuarrie and Wernicke*, [2005](#grl55173-bib-0029){ref-type="ref"}\], earlier than the activation of the present strike‐slip faults. The variation of topography between flat sediments (i.e., the LA Basin) and high topography (i.e., the SBM and SGM) across small distances imply major changes from subhorizontal structures to dipping ramps (Figures [1](#grl55173-fig-0001){ref-type="fig"}c and [2](#grl55173-fig-0002){ref-type="fig"}a). The Moho shows a strong thickening of the crust \[*Tape et al.*, [2012](#grl55173-bib-0053){ref-type="ref"}\] from 20 km beneath the LA Basin to 35 km beneath the SGM (Figure [2](#grl55173-fig-0002){ref-type="fig"}a). The Sierra Madre Thrusts (SMT), the Whittier Fault (WF), the Elysian Park Thrust (EPT), and the Puente Hills Thrusts (PHT) (Figure [1](#grl55173-fig-0001){ref-type="fig"}) may be regarded as partitioned strike‐slip and thrust faults above a low‐angle décollement \[*Shaw and Suppe*, [1996](#grl55173-bib-0046){ref-type="ref"}; *Shaw and Shearer*, [1999](#grl55173-bib-0047){ref-type="ref"}\] at the bottom of the ∼15 km thick seismogenic upper crust (Figure [2](#grl55173-fig-0002){ref-type="fig"}a). This décollement may extend farther west, as indicated by the uplift of the larger banks, ridges, and islands on the inner Continental Borderland region, offshore LA \[*Namson and Davis*, [1988](#grl55173-bib-0034){ref-type="ref"}; *Davis et al.*, [1989](#grl55173-bib-0011){ref-type="ref"}\]. Numerous earthquakes in this area have pure dip‐slip thrust focal mechanisms and their hypocenter locations cluster between 10 and 15 km depth along shallow northeast dipping planes \[*Astiz and Shearer*, [2000](#grl55173-bib-0002){ref-type="ref"}\]. At the junction between the Mojave and the Coachella segment, *Yule and Sieh* \[[2003](#grl55173-bib-0064){ref-type="ref"}\] inferred from geological measurements, from the southward deepening of microseismicty (∼10°S \[*Corbett*, [1984](#grl55173-bib-0008){ref-type="ref"}\]) and from several small, deep earthquakes with shallow nodal planes \[*Webb and Kanamori*, [1985](#grl55173-bib-0060){ref-type="ref"}\], that the crustal structure of the complex San Gorgonio Pass (SGP) (Figure [1](#grl55173-fig-0001){ref-type="fig"}) may also involve a low‐angle décollement at depth that undercuts the North Frontal Thrust (NFT) and decouples the upper and the lower crust. More recently, results from the Los Angeles Region Seismic Experiment refraction surveys \[*Kohler*, [1999](#grl55173-bib-0023){ref-type="ref"}; *Fuis et al.*, [2001a](#grl55173-bib-0015){ref-type="ref"}, [2001b](#grl55173-bib-0016){ref-type="ref"}, [2012](#grl55173-bib-0017){ref-type="ref"}\] have confirmed the presence of a low‐angle reflective layer below the SGM, which originates at the SAF and terminates near the hypocenters of the 1971 San Fernando and 1987 Whittier Narrows thrust earthquakes \[*Fuis et al.*, [2003](#grl55173-bib-0018){ref-type="ref"}\]. This large‐scale décollement may branch on the SAF in a weak upper mantle, with a depth commensurate with the width of the SGM (∼25 km), following the old suture zone created by the subduction of the Farallon Plate beneath the NAP \[*Fuis et al.*, [2012](#grl55173-bib-0017){ref-type="ref"}\], and may terminate offshore (Figures [1](#grl55173-fig-0001){ref-type="fig"}c and [2](#grl55173-fig-0002){ref-type="fig"}a).

![Comparison between the prior and posterior models. (a) Two‐dimensional prior model based on the tectonic review along the profile PP ${}^{\prime}$ defined in Figure [1](#grl55173-fig-0001){ref-type="fig"}. Black lines (red dashed lines, respectively) represent slipping (locked, respectively) sections of the faults; arrows indicate relative direction of the movement on faults. The SAF is associated with two thick black dashed lines and a question mark as we have no constraints of its deep geometry. We use this configuration and the conservation of motion along each junction to explore the various parameters defined in this figure. Insert is a simplified two‐dimensional block model illustrating the relation between the block geometries and longitudinal velocities along the structures. (b) Posterior geometries in agreement with the data (blue lines) and average geometry (black lines). (c) InSAR LOS velocities (grey points) and GPS projected in the LOS direction (black squares) and average model obtained. (d) Profile‐perpendicular (blue markers), profile‐parallel (green markers), and vertical (red markers) GPS velocities with their associated uncertainties. Average model obtained (blue, green, and red lines) along profiles.](GRL-43-11192-g002){#grl55173-fig-0002}

3. Deformation Data {#grl55173-sec-0003}
===================

To constrain the activity and geometry of the structures below Los Angeles, we use geodetic data within a 60 km wide and 200 km long swath oriented perpendicular to the local azimuth of the SAF. These include the three‐dimensional GPS velocity field from the Plate Boundary Observatory (PBO) and a line‐of‐sight (LOS) velocity map derived from Envisat and ERS descending pass spanning 18 years \[*Liu et al.*, [2014](#grl55173-bib-0026){ref-type="ref"}\]. The InSAR data analysis is based on a small baseline approach and includes a series of corrections for atmospheric, orbital errors, and oscillator frequency drift (cf. [supporting information](#grl55173-supinf-0001){ref-type="supplementary-material"}).

4. Description of the Model {#grl55173-sec-0004}
===========================

We assume that the shallow vertical and high‐angle faults, which formed a complex three‐dimensional system at the surface, are locked during the interseismic period, while the segments that connect the downdip end of locked faults, at the bottom of the seismic upper crust, slip aseismically, partitioning the observed uniform velocity field (Figure [1](#grl55173-fig-0001){ref-type="fig"}).

Several scenarios might be possible to accommodate shortening across the mountain range including a ramp‐décollement system \[*Crouch and Suppe*, [1993](#grl55173-bib-0009){ref-type="ref"}\], distributed deformation \[*Wilcox et al.*, [1973](#grl55173-bib-0063){ref-type="ref"}\], and out‐of‐sequence thrusts within the wedge \[e.g., *Whipple et al.*, [2016](#grl55173-bib-0062){ref-type="ref"}\]. Following our interpretation of geological, seismological, and surface deformation data, we divide the region in three rigid blocks delimited by two triple junctions and one frontal ramp (Figures [1](#grl55173-fig-0001){ref-type="fig"}c and [2](#grl55173-fig-0002){ref-type="fig"}a). The first ramp and the back thrust extrude the San Gabriel and the San Bernardino ranges (Figure [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}b), while a flat décollement lies under the LA Basin (Figure [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}c), connecting to the downdip end of the SM and the PH ramps (Figure [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}d). As we have no constraints on the geometry and the mechanics of the deep‐seated shear zone below the SAF, we model the motion by a horizontal semi‐infinite dislocation, limited to the west by the SAF (Figure [2](#grl55173-fig-0002){ref-type="fig"}a). The surface strain due to the strike‐slip component, *S* *S* ~SAF~, is not influenced by the dip angle of the fault (Figure [S3](#grl55173-supinf-0001){ref-type="supplementary-material"}) \[*Segall*, [2010](#grl55173-bib-0045){ref-type="ref"}\]. However, the longitudinal component on this flat structure, *V* ~short~, can accommodate the local convergence caused by the oblique angle between the SAF and far‐field plate motion near the Big Bend (Figures [1](#grl55173-fig-0001){ref-type="fig"}b and [2](#grl55173-fig-0002){ref-type="fig"}a). We also allow a strike‐slip component on the ramp‐décollement system by adding a strike‐slip motion on a semi‐infinite dislocation, *S* *S* ~PH~. The deep‐seated strike‐slip motion below the SAF locking depth that controls the far‐field motion is equal to the sum of strike‐slip rates on the two dislocations, *S* *S* ~SAF~+*S* *S* ~PH~. We estimate the depth of locking *H* ~SAF~ of the SAF. For other segments, we estimate the horizontal and the vertical distance between the triple junction and the tip of the segments (*D* and *H*) (Figure [2](#grl55173-fig-0002){ref-type="fig"}a).

5. Slip‐Partitioning Constraints {#grl55173-sec-0005}
================================

Geodetic data offer limited constraints on fault geometry at depth \[*Savage*, [1990](#grl55173-bib-0044){ref-type="ref"}; *Segall*, [2010](#grl55173-bib-0045){ref-type="ref"}\]. But slip partitioning brings additional kinematic constraints to enforce long‐term compatibility of displacements along various segments of faults. At a triple junction, the partitioning of the velocity *V* ~1~ along a deep‐seated fault into a velocity *V* ~2~ along a ramp and *V* ~3~ along a back fault implies the conservation of the horizontal and vertical motion along the three segments (Figures [2](#grl55173-fig-0002){ref-type="fig"}a and [S1](#grl55173-supinf-0001){ref-type="supplementary-material"}). In analogy to the fault‐bend fold models of *Suppe* \[[1983](#grl55173-bib-0052){ref-type="ref"}\], we consider a kinematic model that conserves motion across the block boundaries. Assuming rigid blocks and no tilt of the hanging wall, the ratio of slip velocities on the faults bounding the blocks is $$\begin{matrix}
\frac{V_{2}}{V_{1}} & {= \frac{\sin\left( \beta - \gamma + \alpha \right)}{\sin\left( \beta - \gamma \right)}} \\
\frac{V_{3}}{V_{1}} & {= \frac{\sin\alpha}{\sin\left( \beta - \gamma \right)},} \\
\end{matrix}$$ where *γ* and *β* are the dip angles of the ramp and the back fault, respectively. We denote *α* the angle between the deep‐seated fault and the ramp.

6. Prior Assumptions {#grl55173-sec-0006}
====================

Dip angles are determined from the horizontal and vertical distances, *D* and *H*, and the along‐dip components of slip are thus constrained using the conservation of motion across each junctions from equation [1](#grl55173-disp-0001){ref-type="disp-formula"} (cf. [supporting information](#grl55173-supinf-0001){ref-type="supplementary-material"}).

We first define the convergence across the fault system, *V* ~short~, as the local horizontal shortening perpendicular to the Mojave segment of the SAF (Figures [1](#grl55173-fig-0001){ref-type="fig"}b, [2](#grl55173-fig-0002){ref-type="fig"}, and [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}a) measured by the GPS between the Mojave Block and LA encompassing the profile PP ${}^{\prime}$. Our prior assumption is that the deep‐seated rates of motion are normally distributed centered on the far‐field horizontal motion (Figure [1](#grl55173-fig-0001){ref-type="fig"}b). This gives a shortening rate of *V* ~short~=7 mm/yr with a 1*σ* uncertainty of 1.5 mm/yr and a deep‐seated strike‐slip motion of 26 mm/yr with an uncertainty of 5 mm/yr. For other parameters, we assume uniform prior distributions bounded by realistic values. According to the geological and seismological setting, we force the décollement below the LA Basin to be horizontal (Figure [2](#grl55173-fig-0002){ref-type="fig"}a). Prior distributions for all parameters are summarized in Table [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}.

7. Inversion Method {#grl55173-sec-0007}
===================

We explore the range of models allowed by geodetic data and derive the posterior probability describing the full ensemble of possible models, *p*(**m**\|**d**), that explain the observations, **d**, and agree with a prior knowledge, *p*(**m**), implementing a Bayesian approach \[*Minson et al.*, [2013](#grl55173-bib-0031){ref-type="ref"}; *Jolivet et al.*, [2015](#grl55173-bib-0022){ref-type="ref"}; *Lin et al.*, [2015](#grl55173-bib-0024){ref-type="ref"}; *Daout et al.*, [2016](#grl55173-bib-0010){ref-type="ref"}\], such as $$p\left( \mathbf{m} \middle| \mathbf{d} \right) \propto p\left( \mathbf{m} \right)\;\exp\left\lbrack {- \frac{1}{2}\left( \mathbf{d} - \mathbf{g}\left( \mathbf{m} \right) \right)^{T}\mathbf{C}_{D}^{- 1}\left( \mathbf{d} - \mathbf{g}\left( \mathbf{m} \right) \right)} \right\rbrack,$$ where **d** is the data vector, **m** is the vector of model parameters, **C** ~D~ is the covariance matrix of the data, and **g**(**m**) is the surface displacements predicted from model **m**. The model parameters include the ones previously described for geometry and slip rates and the InSAR and GPS reference frames. We add an unknown azimuth linear trend to InSAR data that ties far‐field LOS velocities to GPS data (Table [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}). As the InSAR velocity field profile flattens in the far field, we did not add a quadratic term \[*Chaussard et al.*, [2015](#grl55173-bib-0007){ref-type="ref"}\]. The data vector, **d**, is made of the LOS displacement rates, the GPS vertical velocities, and the GPS horizontal velocities projected into profile‐perpendicular and profile‐parallel components (Table [S1](#grl55173-supinf-0001){ref-type="supplementary-material"}). The data covariance matrix includes the variance of the GPS and InSAR measurements on its diagonal and InSAR data spatial correlation in the off‐diagonal components (cf. [supporting information](#grl55173-supinf-0001){ref-type="supplementary-material"} and Figures [S4](#grl55173-supinf-0001){ref-type="supplementary-material"} and [S5](#grl55173-supinf-0001){ref-type="supplementary-material"}).

We then draw random samples from prior distributions previously defined (Table [S2](#grl55173-supinf-0001){ref-type="supplementary-material"}) and evaluate the posterior probability density functions (PDFs) using the Metropolis algorithm, implemented in the *PYmC* library \[*Patil et al.*, [2010](#grl55173-bib-0037){ref-type="ref"}\], guided by the geodetic data and the associated uncertainties.

8. Posterior Models {#grl55173-sec-0008}
===================

We sample the model space with 40,000 samples, rejecting the first 30,000 to minimize the effect of the initial model. A large range of possible models in agreement with the data and the conservation of motion are shown in blue lines in Figure [2](#grl55173-fig-0002){ref-type="fig"}b. The comparison between the prior and posterior models is summarized in Table [S2](#grl55173-supinf-0001){ref-type="supplementary-material"} and Figure [S6](#grl55173-supinf-0001){ref-type="supplementary-material"}. Except for parameters *D* ~décol~, *D* ~SM~, and *H* ~PH~, all posterior PDFs show normal distributions centered on the mean models (red vertical lines in Figure [S6](#grl55173-supinf-0001){ref-type="supplementary-material"}) away from the prior limits. Posterior PDFs are narrowed in comparison to the prior PDFs highlighting the gain of information from the data and the conservation of motion. The sensitivity of InSAR to vertical deformation and its dense spatial sampling makes it a valuable complementary data sets to GPS. We compare these results with inversions that consider GPS alone in the [supporting information](#grl55173-supinf-0001){ref-type="supplementary-material"} (Figures [S6](#grl55173-supinf-0001){ref-type="supplementary-material"} and [S7](#grl55173-supinf-0001){ref-type="supplementary-material"}). The comparison between surface observations and predictions from the mean value of the posterior model is shown in Figures [2](#grl55173-fig-0002){ref-type="fig"}c and [2](#grl55173-fig-0002){ref-type="fig"}d. There is in general a good agreement between observations and predictions. Predicted velocity maps and GPS vectors are also presented in Figure [S8](#grl55173-supinf-0001){ref-type="supplementary-material"}, while the full posterior covariance of the model parameters and the joint posterior probabilities between slip rates and locking depths are displayed in Figures [S9](#grl55173-supinf-0001){ref-type="supplementary-material"} and [S10](#grl55173-supinf-0001){ref-type="supplementary-material"}. The GPS residuals are smaller than 1 mm/yr, indicating that the model explains horizontal deformation well. In contrast, InSAR residuals reveal subsidence within the LA Basin bounded by the Whittier and the Palos Verdes Faults (Figures [2](#grl55173-fig-0002){ref-type="fig"}b and [S8](#grl55173-supinf-0001){ref-type="supplementary-material"}).

The average posterior model indicates a locking depth of 20 ± 3.5 km and 3.5 ± 2.5 km for the SAF and Whittier‐Puente Hills fault system, respectively (all the uncertainties are documented ±1*σ*). These depths are associated with strike‐slip rates of 25.5 ± 0.5 mm/yr on the SAF and 3.1 ± 0.6 mm/yr on the WF. We find that the 6.6 ± 0.6 mm/yr of shortening rate is partitioned between 3.1 ± 0.5 mm/yr on the 40 ± 5°SW dipping back thrust segment and 4.7 ± 0.7 mm/yr on the 25 ± 5°NE ramp segment below the SGM. Then, slip on the ramp partitions into 2.7 ± 0.9 mm/yr on the 48 ± 5°NE Sierra Madre ramp and 2.5 ± 1.0 mm/yr on the 16 ± 10°NE dipping Puente Hills ramp (Figure [2](#grl55173-fig-0002){ref-type="fig"}b). The 8 ± 3.5 km depth flat décollement below the LA Basin connecting the downdip end of the PH ramp with the tip of the SG ramp creeps at 2.4 ± 0.7 mm/yr. To summarize, among the 6.6 ± 0.6 mm/yr of local shortening across the profile, the back thrust structure accommodates around 2.4 mm/yr of horizontal convergence, while the SMT and the PHT absorb 1.8 mm/yr and 2.4 mm/yr of shortening, respectively.

We explore the influence of adding a strike‐slip creeping segment on the SAF between the junction of SG ramp with the SAF and a shallow locking depth of the SAF, but our results indicate a strike‐slip motion on this shallower segment close to zero.

9. Discussion {#grl55173-sec-0009}
=============

The average slip rates and the most likely geometry of the fault system is shown in Figures [3](#grl55173-fig-0003){ref-type="fig"} and [2](#grl55173-fig-0002){ref-type="fig"}b. Note that although our model is two‐dimensional, it explains the three‐dimensional interseismic velocity field remarkably well (Figure [S8](#grl55173-supinf-0001){ref-type="supplementary-material"}).

![Three‐dimensional schematic block model across the SGM \[after *Fuis et al.*, [2001b](#grl55173-bib-0016){ref-type="ref"}\] superimposed to the digital elevation model, the seismicity (yellow dots), the Moho model (red line), and interpreted active faults summarizing the average interseismic strike‐slip (back arrows) and dip‐slip (red arrows) rates extracted from the Bayesian exploration. Shallow faults (dashed lines) that formed a complex three‐dimensional system at the surface \[*Plesch et al.*, [2007](#grl55173-bib-0039){ref-type="ref"}\] are locked during the interseismic period, while the ramp‐décollement system (solid lines) decouples the upper crust from the lower crust and partitioned the observed uniform velocity field (blue vector) at the downdip end of the structures.](GRL-43-11192-g003){#grl55173-fig-0003}

Our mean posterior model indicates a deep‐seated strike‐slip rate of 28.6 ± 0.5 mm/yr partitioned into 25.5 ± 0.5 mm/yr on the SAF, locked at 20 ± 3.5 km depth, and 3.1 ± 0.6 mm/yr on the ramp‐décollement system, creeping from the SG‐SAF junction to the tip of the PH ramp at 3.5 ± 2.5 km depth. The rate of the SAF is near the high end of the range of rates previously estimated for the Mojave section of the SAF using single fault models \[e.g., *Savage and Lisowski*, [1995](#grl55173-bib-0043){ref-type="ref"}\], two‐dimensional, GPS‐constrained, block models \[e.g., *Shen et al.*, [1996](#grl55173-bib-0049){ref-type="ref"}; *McCaffrey*, [2005](#grl55173-bib-0028){ref-type="ref"}; *Meade and Hager*, [2005](#grl55173-bib-0030){ref-type="ref"}\], or viscoelastic half‐space models \[e.g., *Tong et al.*, [2014](#grl55173-bib-0056){ref-type="ref"}\]. Long‐term geologic slip rates along the SAF range from 24.5 ± 3.5 mm/y \[*Weldon and Sieh*, [1985](#grl55173-bib-0061){ref-type="ref"}\] in the Cajon Pass to 35 ± 7 mm/y in the Pallett Creek \[*Salyards et al.*, [1992](#grl55173-bib-0042){ref-type="ref"}\]. The modeled strike‐slip component on the ramp‐décollement system is also comparable with the 2.5 ± 0.5 mm/yr of long‐term strike‐slip motion measured on the Whittier fault zone \[*Walls et al.*, [1998](#grl55173-bib-0058){ref-type="ref"}\]. The deep‐seated strike‐slip motion is in agreement with geometry of the Big Bend. If we consider 34 mm/yr of strike‐slip component along the central segment observed both geologically and geodetically \[*Sieh and Jahns*, [1984](#grl55173-bib-0051){ref-type="ref"}; *Barbot et al.*, [2013](#grl55173-bib-0004){ref-type="ref"}\], the 25° of change of azimuth of the SAF from the Central segment to the Big Bend would create a strike‐slip rate along the Mojave of ∼30 mm/yr.

The average posterior locking depth of the SAF is slightly deeper than the seismogenic depth of 15 km estimated from the maximum depth of earthquakes \[*Hauksson et al.*, [2012](#grl55173-bib-0021){ref-type="ref"}\] but comparable to the locking depth of 20 km adopted by *McCaffrey* \[[2005](#grl55173-bib-0028){ref-type="ref"}\] based on a regional misfit between a block model and GPS data. The difference of rheology between the Los Angeles sedimentary basin and the Mojave block may explain the contrast of locking depths between the SAF and the PH ramp. Locking depth below the LA sedimentary basin may be underestimated as we do not take into account these rheological effects \[*Argus et al.*, [2005](#grl55173-bib-0001){ref-type="ref"}\], while viscoelastic effects may decrease the San Andreas strike‐slip rate in comparison to simple elastic models \[*Tong et al.*, [2014](#grl55173-bib-0056){ref-type="ref"}\]. However, dip‐slip rates obtained by our exploration are in good agreement with the paleoseismological and geological slip rates without the need of introducing viscoelastic effects. Below LA, paleoseismology indicates \[0.4--1.7\] mm/yr and \[0.6--1.6\] mm/yr of quaternary slip rates on the PHT \[*Shaw et al.*, [2002](#grl55173-bib-0048){ref-type="ref"}; *Dolan et al.*, [2003](#grl55173-bib-0014){ref-type="ref"}\] and the EPT \[*Shaw and Suppe*, [1996](#grl55173-bib-0046){ref-type="ref"}; *Oskin et al.*, [2000](#grl55173-bib-0036){ref-type="ref"}\], respectively, while long‐term slip rates of the central SMT are within the range of \[2.0--5.5\] mm/yr \[*Dolan et al.*, [1995](#grl55173-bib-0013){ref-type="ref"}; *Walls et al.*, [1998](#grl55173-bib-0058){ref-type="ref"}\]. In comparison, we constrain 2.5 ± 1.0 mm/yr on the frontal ramp at the roots of PHT and the EPT, creeping until 3.5 ± 2.5 km depth, and 2.7 ± 0.9 mm/yr of creep below the Sierra Madre thrusts up to 3 ± 2.5 km depth, at the front of the San Gabriel ranges. Note that these inverted dip‐slip rates at depth, perpendicular to the profile, might be released at the surface by pure thrust motion or by strike slip on oblique faults, as, for instance, the Raymond and San Jose faults extending west‐southwest and forming a complex three‐dimensional system \[*Walls et al.*, [1998](#grl55173-bib-0058){ref-type="ref"}\].

Posterior PDFs show that the strike‐slip rate of the SAF does not trade‐off with its locking depth but correlates with the strike‐slip rate of the PH ramp (Figures [S9](#grl55173-supinf-0001){ref-type="supplementary-material"} and [S10](#grl55173-supinf-0001){ref-type="supplementary-material"}). GPS data provide a reference on the horizontal component of ground displacement. Far‐field strike‐slip rate, *S* *S* ~SAF~+*S* *S* ~PH~, and shortening rate, *V* ~short~, are identically constrained with and without InSAR data (Figures [S6](#grl55173-supinf-0001){ref-type="supplementary-material"} and [S7](#grl55173-supinf-0001){ref-type="supplementary-material"}). This shows that the GPS velocity field is dense enough to constrain the deformation gradient and thus the locking depth of the SAF. We also observe a correlation of the locking depth of the SAF with the parameters *H* ~SG~ and *D* ~SG~, and thus the dip angle of the SG ramp (Figure [S9](#grl55173-supinf-0001){ref-type="supplementary-material"}). Overall, the posterior correlation matrix indicates strong correlations between parameters *D* and *H* of the various dislocations as they control the geometry of the ramps and the amount of dip‐slip motion. Small variations of dip angles results in significant changes in vertical velocities. Without InSAR data, parameters *H* and *D* of the SG, SM, and PH ramps are not well constrained as they indicate posterior PDFs close to the prior uniform distributions (Figure [S6](#grl55173-supinf-0001){ref-type="supplementary-material"}). Average posterior model indicates a deeper depth for the tip of SG ramp and a vertical gradient that concentrates at the front of the Puente Hills ranges (Figure [S7](#grl55173-supinf-0001){ref-type="supplementary-material"}). Due to a high sensitivity to vertical movements, InSAR data force the partitioning of the shortening rates between the SM and the PH ramps, which is in agreement with the differential topography and vertical velocity between the SGM and the LA Basin (Figure [1](#grl55173-fig-0001){ref-type="fig"}a), as well as the long‐term respective slip rates of the SMT and the PHT \[*Dolan et al.*, [1995](#grl55173-bib-0013){ref-type="ref"}\]. In comparison to previous studies, by inverting both GPS and InSAR data simultaneously, we improve the sampling of the surface displacement field, especially in the vertical direction, better constraining the geometry of the ramp‐décollement system and the intervening slip rates at depth.

The 3.1 ± 0.5 mm/yr of slip along the back thrust structure is not associated with any identified surface trace north of the SGM but may correspond to the extension of the North Frontal Thrusts below the San Bernardino mountains (Figure [1](#grl55173-fig-0001){ref-type="fig"}). However, it is difficult to conclude about the nature of this structure, which might represent distributed deformation formed in a fault‐bend fold \[*Suppe*, [1983](#grl55173-bib-0052){ref-type="ref"}\], or a back thrust part of a flower structure (Figure [3](#grl55173-fig-0003){ref-type="fig"}). The structure accommodates the slip incompatibility between the shortening rate (*V* ~short~) and the ramp (*V* ~SG~) to conserve motion across the fault network. It is required to fit fault‐perpendicular and vertical GPS velocities and the displacement gradient in InSAR data north of the SAF.

At greater depth, the local convergence across the profile may be accommodated by shear zone extending northward of the SAF \[e.g., *Bowman et al.*, [2003](#grl55173-bib-0006){ref-type="ref"}\], following the old suture zone formed by the subduction of the Farallon Plate beneath the NAP that connects the Carrizo plain in the north to the Golf of California in the south \[*Teyssier and Tikoff*, [1998](#grl55173-bib-0054){ref-type="ref"}; *Fuis et al.*, [2012](#grl55173-bib-0017){ref-type="ref"}; *Wang et al.*, [2013](#grl55173-bib-0059){ref-type="ref"}; *Pikser et al.*, [2012](#grl55173-bib-0038){ref-type="ref"}\]. In this scenario, slip on this mantle structure might not create detectable surface displacements due to the large differences in viscosity between the upper mantle and the lower crust, the isostatic effects of this long‐wavelength slab or the low angle of this deep‐seated structure. In an alternative scenario, the upper mantle boundary between the North America and the Pacific plate may follow the San Andreas Fault from the central segment, in the north, to the SJF, in the south. In this case, the transpressional bend may only reside in the crust and may not be associated with motion in the mantle. Our proposed model is compatible with both scenarios, which cannot be differentiated from geodetic studies alone.

10. Conclusion {#grl55173-sec-0010}
==============

We develop a novel way to explore the compatibility of geodetic velocities with a long‐term kinematic model that conserves motion along and across a fault system. We apply the method to understand slip partitioning around the Big Bend of the SAF and the loading of buried faults below the LA metropolitan area. We start from a simplified prior geometry of connected faults beneath the SGM section of the PAP‐NAP plate boundary. Using the conservation of motion across fault junctions as a prior constraint, we then propagate the far‐field GPS field on the ramp‐décollement system and explore the parameter space of fault geometries and slip rates that satisfy the InSAR and GPS velocity fields. Our most likely model suggests the existence of a flat décollement below Metropolitan Los Angeles bounded by two steeper ramps under the Sierra Madre and the Puente Hills that are creeping below a shallow locking depth. The proposed fault network geometry and kinematics also includes slip along a SW dipping back thrust connecting to the SAF and accommodating part of convergence between the Mojave block and the San Gabriel ranges. This study underlines the importance of understanding first‐order fault geometry for geodetic models \[*Daout et al.*, [2016](#grl55173-bib-0010){ref-type="ref"}; *Qiu et al.*, [2016](#grl55173-bib-0040){ref-type="ref"}\] and represents another step forward toward bridging the gap between earthquake cycle modeling and structural geology.
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